Spin dependent quantum interference in non-local graphene spin valves by Guimaraes, M. H. D. et al.
Spin dependent quantum interference in non-local
graphene spin valves
M. H. D. Guimarães,∗ P. J. Zomer, I. J. Vera-Marun, and B. J. van Wees
Physics of Nanodevices, Zernike Institute for Advanced Materials, University of Groningen, The
Netherlands
E-mail: m.h.diniz.guimaraes@rug.nl
Abstract
Spin dependent electron transport measurements on graphene are of high importance to
explore possible spintronic applications. Up to date all spin transport experiments on graphene
were done in a semi-classical regime, disregarding quantum transport properties such as phase
coherence and interference. Here we show that in a quantum coherent graphene nanostructure
the non-local voltage is strongly modulated. Using non-local measurements, we separate the
signal in spin dependent and spin independent contributions. We show that the spin dependent
contribution is about two orders of magnitude larger than the spin independent one, when
corrected for the finite polarization of the electrodes. The non-local spin signal is not only
strongly modulated but also changes polarity as a function of the applied gate voltage. By
locally tuning the carrier density in the constriction we show that the constriction plays a
major role in this effect and indicates that it can act as a spin filter device. Our results show the
potential of quantum coherent graphene nanostructures for the use in future spintronic devices.
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Introduction
Graphene has attracted a lot of attention in the field of spintronics due to theoretical predictions of
long spin relaxation length (λs) and spin relaxation time.1 Experimentally, although not matching
the initial theoretical expectations, graphene has already shown spin information transfer over long
distances at room temperature2 and electrical creation of a large spin imbalance (µs ≈ 1 meV).3
Despite several works focused on the experimental limits on the spin relaxation in graphene,2,4–11
none have shown the effect of quantum transport properties of the charge carriers on the spin
dependent transport. In order to study such effects we have to move away from the semi-classical
regime and adopt a quantum mechanical approach. For this, the device dimensions have to not only
be comparable to λs but also to the phase-coherent length (λφ ). Graphene has the advantage that
both these characteristic lengths are in the order of a few micrometers,5,8,12–16 making the device
fabrication for this kind of devices easier than when using regular metals or semiconductors.
The combined effects of confinement, coherence and spin of the charge carriers has led to
several ground breaking works on quantum dots17–20 and other quantum coherent structures such
as Fabry-Perot interferometers.21–23 When the electronic transport is studied in a device which
dimensions are smaller or comparable to λφ , the conductance shows non-periodic oscillations as a
function of the Fermi energy and perpendicular magnetic field. These oscillations, called universal
conductance fluctuations (UCF), are due to quantum interference between the different paths the
carriers take when they traverse the device, in a similar way to that of weak-localization (WL).13,24
The interference pattern of the carriers in the device is influenced by the relative phase between
different paths. The relative phase of the carriers depends on their Fermi wave vector and the
Aharonov-Bohm flux through the sample. Particularly for graphene, UCF and WL have provided
information on the spin behaviour by using non-magnetic contacts and large in-plane magnetic
fields or by studying the temperature dependence of λφ .12,14,21
In this letter we demonstrate that a strong spin dependent transmission can arise in a graphene
nanodevice when the quantum interference pattern shown as UCF and electrical spin injection and
transport are combined. Using ferromagnetic electrodes we create a spin accumulation that can
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be quantified by the difference in the chemical potentials for spin up (majority) and spin down
(minority): µs = µ↑−µ↓. When a current is driven in the device and a voltage is measured outside
the current path, we can observe oscillations in this non-local voltage as a function of a gate voltage
that have charge and spin contributions. The fact that we use ferromagnetic electrodes allows us to
separate the charge and spin contributions showing that the spin dependency in the oscillations is
about two orders of magnitude larger than that of the charge when the polarization of the electrodes
is taken into account. We show that the spin signal can be modulated by orders of magnitude and
even reverse polarity using only an applied gate voltage to change the Fermi level, indicating that
the device can be used as a spin filter without the need of an external magnetic field.
A similar spin filtering effect was already observed in open quantum dots fabricated on a
GaAs/AlGaAs 2DEG,18 but relied on a large in-plane magnetic field to create a Zeeman spin
splitting, whereas our device operates at zero magnetic field. It has also been shown that a control
of magnitude and reversal of the non-local spin signal in graphene can be obtained using Fabry-
Perot cavities,25 but the signals could only be modulated by one order of magnitude or less. A large
oscillating non-local voltage was observed in a series of quantum dots,23 but the spin dependent
nature of the signal could not be measured. Here we explicitly show that, using a simple device
geometry with ferromagnetic contacts, the transmission through the device become strongly spin
dependent and can be controlled by a gate voltage.
Methods
Our samples were obtained by mechanical exfoliation of highly oriented pyrolytic graphite on 500
nm SiO2/Si substrates. Single layer graphene flakes were selected using optical contrast and the
flake structure was defined by electron-beam lithography (EBL) followed by reactive ion etching in
pure oxygen plasma. In order to remove polymer remains and keep the graphene-contact interface
clean, the samples were heated to 350 oC in Ar/H2 gas flow for 2 hours. The electrical contacts to
graphene are then made using a second EBL step. For the contact deposition a 0.4 nm layer of Ti
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is evaporated in an e-beam evaporator at high-vacuum atmosphere. In order to fully oxidise the Ti
layer and obtain a highly resistive contact interface to avoid the conductivity mismatch problem,6
pure oxygen gas is let in the chamber and the sample is kept in a pressure above 10−1 mbar for
15 minutes. The entire evaporation and oxidation process is repeated once more followed by the
evaporation of 35 nm of Co.
Results
Figure 1(a) shows an atomic force micrograph of the sample in which the measurements in this
paper were performed. The device consists of two graphene areas of 1.2 x 0.75 µm2 connected via
a 0.2 x 0.25 µm2 constriction. Three contacts were deposited in each of the wide graphene areas
and a side-gate about 100 nm away from the constriction was used to locally control the carrier
density. Similar devices without the constriction in the centre were also measured but did not show
the strong modulation on the spin-valve signal as shown here.
All measurements were performed using standard low-frequency lock-in techniques with cur-
rents up to 100 nA at a temperature of 4.2 K. In order to avoid contributions from the contact
resistance, all the charge transport measurements were obtained in a local 4-probe configuration.
The spin dependent measurements were performed in a non-local 4-probe geometry15,16 to avoid
charge transport contributions as described below. Since our contacts are non-invasive, with con-
tact resistances in the range of 50-200 kΩ, contacts which are not connected do not affect the spin
or charge transport measurements.
The local charge transport measurements were performed by applying a current between the
outer contacts (1 and 6) and measuring the voltage drop between contacts 2 and 4. We observe
reproducible non-periodic oscillations in conductance (G) as a function of back-gate voltage (Vbg),
Fig. 1(b)). These oscillations are attributed to UCF.
In order to separate the spin from the charge contribution to the signal we use a 4-probe non-
local technique.15,16 A charge current is driven between contacts 2 and 1 creating a spin accumu-
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Figure 1: (a) Atomic force micrograph of the device on which the measurements are performed.
The graphene structure is outlined by a dashed line for clarity. The contacts numbered from 1
to 6 and the side-gate (sg) are shown in white. (b) The 4-terminal conductance, G (black) and
resistance, R (red) as a function of the back-gate (Vbg) with the side-gate at Vsg=0 V.
lation which diffuses away from the point of injection and can then be detected by measuring the
voltage difference, Vnl , between contacts 4 and 6. Since the charge current path is separated from
the voltage detection circuit, most of the charge contribution is in principle excluded. However, as
shown later, due to the quantum coherent nature of the transport a sizeable charge contribution to
the non-local signal can be observed. The non-local voltage can be normalized as a function of the
charge current to obtain a non-local resistance: Rnl = I/Vnl .
When a large negative magnetic field (B ≈ -1 T) parallel to the device is applied all the elec-
trodes have their magnetization aligned in the same direction. By sweeping the magnetic field to
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positive values, the magnetization of the electrodes switches direction at their respective coercive
fields, causing abrupt steps in the non-local resistance (red traces in Fig. 2(a) and (b)). Once the
magnetization of all the electrodes again point in the same direction, the magnetic field is reversed
and scanned from zero to negative values (blue traces in Fig. 2(a) and (b)) showing a symmetric
response in the non-local resistance. Three states can be clearly identified: A, when the magne-
tization of all the electrodes are aligned; B, when one of the outer electrodes (1 or 6) switch its
magnetization; and C, after the switch of one of the inner electrodes (2 or 4). From the width
of the contacts we can assume that the switching of the magnetization of the electrodes occurs at
the order: 1, 6, 2 and 4. Since we do not observe a switch due to one of the outer contacts, the
configuration for each of the steps would be, in the order (1 2 4 6): A (↑↑↑↑), B (↓↑↑↓) and C
(↓↓↑↓). As illustrated in Fig. 2(a) and (b), the magnitude and polarity of the switches in Rnl are
different for different values of Vbg. In order to study how the size and sign of the switches in Rnl
change as a function ofVbg we set the device at one of the magnetization configurations and record
the non-local signal as a function of Vbg at zero magnetic field. The obtained Vbg dependency of
the Rnl for each of the three states is shown in Fig. 2(c).
On a close inspection of Fig. 2(c), some peculiarities can be noted. First, there is a clear
structure that shows up for all three magnetization configurations. This is specially evident around
Vbg ≈0 V and can be attributed to a charge contribution to the non-local signal. It can be also
noted that Rnl varies from negative to positive values in a wide range, from ≈ -300 to ≈ 100 Ω.
Second, the values for Rnl at different magnetization configuration do not keep a constant spacing
between each other as a function of Vbg, but get modulated and even cross each other at a few
points. And finally, the values of Rnl for the states A and B are centred around zero Ω and the ones
corresponding to state C are centred aound ≈-50 Ω. This is what one would expect for the spin
dependent signal considering the geometry of the device, since the device dimensions are smaller
than λs for both graphene regions in the injection and detection circuits.26 Taking as an example
the injection circuit, when we drive a current through the electrodes in a parallel configuration, one
of the electrodes will work as a spin up injector and the other as a spin up extractor. For the case of
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contacts with equal polarization, the total spin accumulation created in the region is approximately
zero. On the other hand, when the electrodes are antiparallel, both will effectively inject spin up,
creating then a finite spin accumulation.26 By reciprocity, a similar argument can be drawn for
the detection circuit. Finite element (see supporting information) of the device using conservative
values for a contact polarization of P=10 %, square resistance of the graphene Rsq = 1 kΩ and λs=
1 µm show that a non-local spin valve signal in the order of Rnl ≈ 10 Ω is expected in the absence
of quantum coherence effects.
Since our device is phase coherent, the non-local technique cannot fully exclude charge contri-
butions. Therefore, the detected Rnl contains contributions from both the charge and the spin trans-
mission through the constriction. Indeed, as indicated by the arrows (and the oscillations between
them) in Fig. 1(b) and Fig. 2(c) some similarities can be observed between the local and non-local
signal. To isolate the spin dependent part of the signal, we do the subtraction ∆RB−Anl = R
B
nl−RAnl
and ∆RA−Cnl = R
A
nl −RCnl . The values of ∆RB−Anl shows mainly the spin signal due to one the outer
contacts, whereas ∆RA−Cnl is mainly due to one of the inner contacts, which is the dominant con-
tribution in the response of the spin-valve. The back-gate dependences of ∆RB−Anl and ∆R
A−C
nl are
shown in Fig. 2(d).
When comparing Fig. 2(c) and (d), ∆Rnl and Rnl contain oscillations of similar magnitudes.
However, the spin polarization of the electrodes has still to be taken into account. As discussed
before, finite element simulations without the inclusion of quantum coherence effects and using
typical values for our contacts2–5,7,15,16 of P = 0.1 give a spin valve signal in the same order as
the average measured value. Taking into account the efficiency of spin injection by the injector
electrodes and the efficiency of spin detection by the detector electrodes, the non-local spin signal
Rnl ∝ P2. This implies that, in the case of P≈ 1, the spin dependent part on the non-local signal is
about two orders of magnitude larger than the charge dependent part.
The larger spin contribution to the oscillations in the non-local signal can be explained by the
fact that in order to non-locally observe the UCF we need to create a non-equilibrium situation
(e.g. voltage bias). In the case of the charge contribution to the fluctuations, we can expect that
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the non-equilibrium situation decays away from the current injection electrode on the scale of the
phase coherence length. Since the experiments are performed at a finite temperature, we also have
to consider its limiting factor for the phase coherence. The temperature can be taken into account
by the thermal length λT =
√
h¯D/kBT ≈ 100 nm, where h¯ is the reduced Planck’s constant, D the
diffusion constant, kB the Boltzmann constant and T the temperature. This means that the non-
equilibrium situation for the charge is maintained over only a few hundred nanometers. However,
for the spins a non-equilibrium situation is maintained by the spin accumulation which decays very
slowly, in the order of λs≈ 1 µm, allowing for the observation of coherent effects in the spin signal
on longer length scales.
In order to further investigate the modulation and sign reversal in the spin-valve signal we
performed measurements on the local and non-local resistance as a function of both side- and
back-gate voltages (Fig. 3). A careful look at Fig. 3(a) reveals tilted line features showing that the
fluctuations in resistance depends on both Vbg and Vsg. This is specially clear for Vbg < 0 V.
Although the trends for the Rnl are not as clear as those for the local signal, a few features
below Vbg = 0 V show a similar behaviour (see arrows on Fig. 3(a) and (b) for comparison). It
can also be seen that by only changing the side-gate voltage the spin signal is not only strongly
modulated, but also shows the sign reversal. This is shown in 3(b) by the colours blue (negative
spin signal) and red (positive spin signal). This effect is specially clear when we isolate a single
trace inVsg from the scans of Fig.3(b) as shown in Fig. 3(c) for a fixedVbg =−25.9 V, indicated by
a dashed line in Fig. 3(a) and (b). Given the local influence of the side-gate, this clearly indicates
the major role of the constriction for the oscillations in the non-local spin signal.
The similarities between the local and non-local spin signal as a function of the side-gate (Fig.
3(c)) strongly suggest that the inversion of the polarity of the spin signal is due to the UCF in the
constriction. This type of spin filtering effect was already demonstrated by Folk et al. in quantum
dots.18 However, in order to prove that this effect can explain our results, a more detailed study
on the dependence of the non-local signal on the spin accumulation is required. The observation
of such a strong modulation and sign reversal in the spin signal without the presence of magnetic
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fields demonstrates the potential of quantum coherent graphene structures for applications in future
spintronic devices.
Conclusions
In conclusion we observed a strong oscillation in the non-local signal in a graphene nanostructure
based spin-valve. The oscillations in the non-local signal, attributed to UCF, showed to have spin
and charge related contributions to the oscillations. By changing the magnetization direction of
our ferromagnetic electrodes we could separate the spin contribution to the signal and showed
that, when the polarization of the electrodes is taken into account, the oscillations in the non-local
signal due to spin is about two orders of magnitude higher than the charge. We also showed that
the non-local spin signal is not only strongly modulated but also reverses polarity. Using a local
gate to tune the carrier density in the constriction we demonstrated that the constriction is the main
contributor to the oscillations in the non-local signal. Our results indicate that the constriction can
work as a spin filter device and show that graphene nanostructures have a great potential for future
quantum spintronic applications.
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Supporting Information
Finite element calculations for the spin accumulation in the device
In order to calculate the classical spin accumulation expected for the device we used finite element
simulations as implemented in the software COMSOL R© MULTIPHYSICS. For this we solved
the equations for spin diffusion: ∇2µs− µsλ 2s = 0 for our confined device geometry with a current
of 100 nA applied between two electrodes with spin polarization P = 10%. We assumed typical
values for the square resistance of the graphene flake of Rsq = 1 kΩ which is in the same order
order of magnitude as in our experiment. Furthermore, we assumed a conservative value for the
spin relaxation length of λs = 1 µm. From the results of the simulation (shown in Fig. 4) we obtain
a non-local spin valve signal of ≈ 15 Ω which is in the same order of magnitude of the average
experimental value for the non-local spin signal as a function of back-gate voltage presented in the
main text (∆RA−Cnl ≈50 Ω). It is worth noting that this simulation uses a purely classical diffusion
picture, which means that coherence effects are not included. Although such a picture describes
well the spin transport of previous experimental studied on non-local graphene spin-valves3 and
also the average observed non-local spin signal, it fails to explain the oscillations in the non-local
signal as a function of gate voltage.
Effect of the stray magnetic fields from the side-gate electrode
In order to keep the contact interface as clean as possible we lowered the number of fabrication
steps and fabricated the contacts and the side-gates at the same time. Therefore, the side-gate
electrodes are also magnetic. To ensure that the stray magnetic fields arising from the side-gate
electrode do not influence our results we performed finite element modelling of a cobalt bar of the
same dimensions as the electrode in question. The bar is assumed to be uniformly magnetized up
to its end, which gives a maximum estimate of the stray magnetic fields. In Fig. 5 we show the
results of the simulation in the region of the center of the constriction (100 nm ≤ y ≤ 300 nm).
As can be seen, the values for the out-of-plane component (z) is too small to create any orbital
10
effect in the constriction. For the in-plane component, the maximum field is about 20 mT. This
would create a Zeeman splitting of EZ = 2.3 µeV, which is much smaller than the thermal energy
ET = 361 µeV. Therefore we do not expect that the stray fields from the side-gate electrode would
affect our findings.
To consider the effects of spin precession we have to take into account the out-of-plane com-
ponent of the magnetic field Bz ≤ 3 mT which is too small to show any measurable effect in our
measurements.
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Figure 2: Non-local spin valve measurements at different back-gate voltages: (a) Vbg=-13.5 V
and (b) Vbg=+8.2 V. The solid red (open blue) points were recorded for a magnetic field sweep
from zero to positive (negative) values. The arrows indicate the scan directions. The letters (A, B
and C) mark the three levels in the non-local resistance corresponding to different magnetization
configuration of the electrodes. (c) The non-local signal as a function of back-gate voltage corre-
sponding to the three magnetization configuration of the contacts: A (black), B (magenta) and C
(green). The region in between the arrows should be compared to the region within the arrows in
Fig. 1. For these measurements the magnetic field was set to zero after setting the magnetization
configuration of the electrodes. (d) Difference between the traces B and A (black) and C and A
(grey) showing the spin dependent part of the signal. The red dotted and blue solid lines indicate
respectively the values of Vbg in which the measurements of (a) and (b) were performed. For all
measurements in this figure the side-gate voltage was set to Vsg = 0 V.
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Figure 4: Finite element modelling of the classical spin accumulation in our device. On the top:
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the spin accumulation according to the scale on the right for the case of anti-parallel alignment of
the injection contacts. Bottom: Spin accumulation as a function of distance in the centre of the
device for both parallel and anti-parallel configuration of the injection electrodes.
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Figure 5: Components of the magnetic field in the x, y and z directions as a function of the distance
for a cobalt bar of dimensions 0.1 × 10 × 0.035 µm3. The results are shown for a line across the
centre of the constriction as shown in the inset.
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